An efficient protocol for the oxidation of alcohols to carbonyl compounds with molecular iodine and potassium tert-butoxide is described. Various primary and secondary alcohols were converted to the corresponding aldehydes and ketones in high yields. The oxidation of 2-phenylethanol produced an "abnormal" acetalic ketone. The readily availability of starting materials, convenient synthetic procedure, operational simplicity, mild reaction conditions, and high yields makes this protocol a competitive alternative in the synthesis of ynones and ketones as well as aryl aldehydes.
Introduction
Carbonyl compounds are valuable intermediates in the manufacture of agrochemicals, dyes, pharmaceuticals, and fine chemicals. 1 Preparation of carbonyl compounds can be achieved through the oxidation of alcohols using a variety of oxidants. 2 Halogens and related reagents have been attractive oxidants because they are widely available and fairly cheap. As an oxidant of group VIIa, molecular iodine is distinguished by its low toxicity, operational simplicity and mild oxidation strength compared to other halogens. 3, 4 As an environmentally benign oxidizing agent, molecular iodine has been used in various organic reactions. [5] [6] [7] [8] [9] It is known that secondary alcohols are readily converted into ketones, while primary alcohols can be first oxidized into the aldehydes and further into the carboxylic acids or their derivatives. Thus, the oxidation of primary alcohols to the corresponding carbonyl compounds is not so easily controlled as that of secondary alcohols. Accordingly, primary alcohols can be facilely oxidized to esters, 10 amides, likely to stay in the stage of esters rather than that of aldehydes under such conditions. In addition, the oxidation of propargyl alcohols to ynones with molecular iodine has been unreported. Following our research on the reactions promoted by molecular iodine, 24 we fully investigated the oxidation of alcohols to carbonyl compounds with molecular iodine in the presence of t-BuOK, and disclosed that oxidizing alcohols to aldehydes and ynones could be achieved with the combination of molecular iodine and t-BuOK. This simple protocol has been elaborated to achieve the conversion of 1-arylmethanols to aryl aldehydes, avoiding further transformation of the generated aldehydes to esters in the presence of alkoxides. Our investigations exemplify the versatility of molecular iodine in organic reactions and enrich the realm of halogen chemistry.
Results and Discussion
Initially, 1-naphthylmethanol, a primary alcohol that is easily converted to 1-naphthaldehyde, was chosen as the substrate in the model reaction. The investigation began with solvent screening experiments at a relatively low temperature (Table 1 , Entries 1−5). Despite the moderate yields, the transformations did work at −15 °C in various aprotic solvents, except for acetonitrile. A possible explanation was that acetonitrile was incompatible with the reaction system because of the relatively high acidity of its α-hydrogen. When the temperature was increased to 10 °C, the yields grew by nearly 20% (Entries 3−5 vs 6 & 7), and no over-oxidation products were detected by thin layer chromatography (TLC). Thus, the base screening experiments were performed at 10 °C. Among the tested solvents, dichloromethane (DCM) gave a sound performance (Entry 7). DCM is cheap, able to dissolve most organic chemicals, relatively easy to dry, and not particularly hygroscopic, and was therefore the solvent of choice for the next investigations. The results of the base screening experiments (Entries 9−15) showed that the conversions did not work with most other tested bases except carbonates, with which single digit yields were obtained (Entries 12 & 13) . In contrast, t-BuOK was significantly superior (Entries 9−15 vs 7). When the amount of iodine was increased to double the stoichiometry required, an excellent yield was obtained in a short time (Entry 8), which showed that the conversion could be accelerated with excess oxidant. To further assess the effect of reaction temperature on the yield, the oxidizations of another substrate, 4-methoxybenzyl alcohol, to 4-methoxybenzaldehyde from −40 °C to 40 °C were examined. As shown in Figure 1 , the highest yield (91%) was obtained at 10 °C. When the temperature was lower than 10 °C, the reaction was slow, while at higher temperatures, side reactions did increase. Thus, 10 °C was further confirmed as the optimal temperature for the oxidization of alcohols to carbonyl compounds.
Under the optimized conditions, the oxidizations of various alcohols to carbonyl compounds were investigated. The results, summarized in Table 2 , show that a wide range of alcohols, both primary and secondary, were smoothly converted to carbonyl compounds giving the expected aldehyde or ketone in mostly good to excellent yields. Several α-aryl primary and secondary alcohols gave yields higher than 95% (Entries 2, 6, 12, 15). In general, the substrates containing electron-donating substituted aryl groups were more active than those containing electron-withdrawing groups (Entries 3 vs 5−10; 13 vs 14). For sluggish substrates, increasing the amounts of iodine and t-BuOK produced better results (Entries 6−10). Among the tested substrates, 4-nitrobenzyl alcohol was the least active, with the yield being improved to 60% with the use of a fivefold stoichiometric amount of iodine and a four fold stoichiometric amount of tBuOK (Entries 9 vs 10). For the active substrates, slightly decreasing the amount of t-BuOK was favored (Entries 1 vs 2, 12). For those oxidations in which the desired aryl aldehydes were inclined to undergo the Tishchenko reaction, decreasing the reaction temperature along with increased amounts of iodine and t-BuOK was the better choice (Entries 7 & 8). Moreover, cinnamyl alcohol (1i) was exclusively transformed into cinnamaldehyde (2i) in 82% yield in a short time, and neither iodinated nor oxidized products of the carbon-carbon double bond were identified, 25 which implies that the C=C bond of allyl alcohols is not iodinated or oxidized by the current protocol. To our delight, a variety of substituted propargylic alcohols derived from aliphatic or aromatic alkynes were compatible with the reaction conditions, and clean ynones were obtained in good to excellent yields (Entries 13-17). The most common methods for the preparation of ynones involve the metal-catalyzed couplings of acyl halides and terminal alkynes (or alkynyl metal) as well as the Pd-catalyzed acyl or carbonylative Sonogashira reactions. [26] [27] [28] In addition, there are a few metal-free methodologies reporting the oxidation of propargylic alcohols with different oxidation systems. 29 However, the use of molecular iodine is unprecedented. Thus, the present protocol provides a competitive alternative method for the synthesis of ynones because of its efficiency and avoiding both metals and peroxides. Notably, the oxidation of a secondary alcohol containing β-sp 3 hydrogen atoms possibly suffered from the further α-iodination of the desired ketone (Entry 18). Nevertheless, this could be avoided by decreasing the reaction temperature along with increased amounts of iodine and tBuOK (Entries 19 & 20) . This protocol can, however, not be applied to the preparation of aliphatic aldehydes, since active aldehydes are inclined to undergo the disproportionation reactions in strongly basic solutions, by pathways such as the Tishchenko reaction and the Cannizzaro reaction, whereas aliphatic aldehydes containing α-hydrogen atom(s) tend to condense with each other in basic solutions. Consequently, when primary alcohols containing β-hydrogen atom(s) were employed under the present protocol, the main reactions were the disproportionation of the aldehydes generated in situ to the corresponding esters, i.e. the Tishchenko reaction (Scheme 1). Increasing the steric hindrance of the β-alkyl substituted primary alcohol (e.g., 1t) led to a small amount of the corresponding tert-butyl ester (2t'). Interestingly, under the present protocol, 2-phenylethanol (1u) generated an acetal, 2,2-diphenethoxy-1-phenylethanone (2u), in an acceptable yield of 42%. Better results were not achieved despite of several optimization experiments. Other analogs of 1u containing electrondonating or electron-withdrawing groups mainly gave oxidations similar to that of β-alkyl substituted primary alcohols, and yielded the corresponding esters (results not shown because of their similarity to 1r).
Scheme 1. Oxidation of primary alcohols containing β-hydrogen atom(s) with molecular iodine and t-BuOK. a a Reaction conditions: alcohol (1 mmol), iodine (2 mmol), t-BuOK (4.2 mmol), and DCM (5 mL)
for the indicated time unless noted otherwise. Yield of the isolated product after silica gel chromatography. b Alcohol (1 mmol), iodine (3 mmol), t-BuOK (5 mmol), and DCM (5 mL) were employed. c A mixture containing tert-butyl cyclohexanecarboxylate (2t'). The molar ratio of 2t to 2t' ' ' 'was about 78:22, which was determined by 1 H NMR. d Alcohol (1 mmol), iodine (5 mmol), t-BuOK (7.5 mmol), and DCM (5 mL) were employed.
Compared to the existing methods, the present protocol has several advantages. First, the reagents are widely available and much cheaper than those employed in many other oxidation systems. This reaction system does not require synthetic co-activators or special reagents. The required common reagents are only t-BuOK and I 2 , both commercially available in small amounts or in bulk and are quite cheap. Second, both reagents employed in this system and the corresponding side products (t-BuOH and KI) have low toxicity and are environmentally benign. 4, 5 Neither transition metal-containing reagents nor peroxides are required, which is often problematic due to the disposal of metal waste, or due the risk of explosion from the latter. Third, this protocol permitted the reactions to be set up easily. Neither unstable reagents nor special equipment are needed as both t-BuOK and I 2 are solid and stable towards air. Neither the reagent storage and transfer nor the reaction installation required special conditions or techniques.
Conclusions
The oxidation of various primary and secondary alcohols with molecular iodine proceeded smoothly in the presence of potassium tert-butoxide to afford the corresponding aldehydes and ketones in high yields at 10 °C or below. This simple protocol provides a competitive alternative method to synthesize ynones and ketones as well as aryl aldehydes from alcohols because of several practical features, including operational simplicity, mild reaction conditions, direct availability of starting materials, and high yields in a relatively short reaction time at easy-tocontrol reaction temperatures. Under the protocol, 2-phenylethanol yielded an unexpected product, 2,2-diphenethoxy-1-phenylethanone. These findings exemplify the versatility of molecular iodine in organic reactions and enriches the realm of halogen chemistry.
Experimental Section
General. Commercially available reagents were used as received. Solvents for reactions were dried with standard procedures and stored with Schlenk flasks over molecular sieves if not noted otherwise. All solvents for chromatographic separations were distilled before use. 1 H and 13 C NMR spectra were recorded on a Bruker av 300 spectrometer at 293 K and the chemical shifts (δ) were internally referenced by the residual solvent signals relative to tetramethylsilane (CDCl 3 at 7.26 ppm, and CD 3 OD at 3.31 ppm for 1 H; CDCl 3 at 77.00 ppm, and CD 3 OD at 49.00 ppm for Tables 1−2 and Scheme 1 refer to isolated yields of compounds (average of two runs) unless noted otherwise. Starting alcohols 1a-1j, 1p-1r, 1t and 1u , potassium tert-butoxide, and molecular iodine, are commercially available. The other starting alcohols 1k-1o, and 1s, were prepared, and the experimental details are described in Supplementary Material.
General procedure for the oxidation of alcohols with molecular iodine and potassium tertbutoxide. (Tables 1 and 2 , Scheme 1). In a typical run, a reaction flask (25 mL) was charged with an indicated amount of I 2 (typically, 508 mg, 2 mmol) and potassium tert-butoxide (typically, 470 mg, 4.2 mmol). The mixture was suspended in CH 2 Cl 2 (5 mL) and stirred at 10 o C for 30 min, then alcohol (1 mmol) was added. The mixture was continually stirred at an indicated temperature (typically, at 10 °C) until the consumption of the alcohol (monitoring with TLC, typically, for a few hours), then diluted with CH 2 Cl 2 (10 mL) and washed with saturated aqueous sodium thiosulfate (10 mL). The aqueous phase was extracted with CH 2 Cl 2 (three portions of 10 mL each). The combined organic phase was washed with deionized water and saturated aqueous NaCl, dried over anhydrous Na 2 SO 4 , and then filtered and concentrated. The crude product was purified by column chromatography (silica, hexane or hexane/EtOAc mixture as eluent). The yields are listed in Tables 1 and 2 as well as Scheme 1.
1-Naphthaldehyde (2a).
30 A white amorphous solid (111 mg, 90% yield 
